The aim of this study is to develop a magnetic resonance imaging (MRI)-based treatment planning procedure for intracranial lesions. The method relies on (a) distortion correction of raw magnetic resonance (MR) images by using an adaptive thresholding and iterative technique, (b) autosegmentation of head structures relevant to dosimetric calculations (scalp, bone and brain) using an atlas-based software and (c) conversion of MR images into computed tomography (CT)-like images by assigning bulk CT values to organ contours and dose calculations performed in Eclipse (Philips Medical Systems). Standard CT + MRI-based and MRI-only plans were compared by means of isodose distributions, dose volume histograms and several dosimetric parameters. The plans were also ranked by using a tumor control probability (TCP)-based technique for heterogeneous irradiation, which is independent of radiobiological parameters. For our 3 T Intera MRI scanner (Philips Medical Systems), we determined that the total maximum image distortion corresponding to a typical brain study was about 4 mm. The CT + MRI and MRI-only plans were found to be in good agreement for all patients investigated. Following our clinical criteria, the TCP-based ranking tool shows no significant difference between the two types of plans. This indicates that the proposed MRI-based treatment planning procedure is suitable for the radiotherapy of intracranial lesions.
Introduction
In recent years there has been an increasing interest in developing new techniques for MRI simulation, i.e. radiation treatment planning (RTP) based solely on MRI data, aimed at improving the RTP process of brain (Stanescu et al 2006a (Stanescu et al , 2006b and prostate (Chen et al 2004a , 2004b , Lee et al 2003 cancer. In particular for brain, the most common RTP procedure consists of (a) image fusion of MRI and CT corresponding datasets, (b) contouring of the target and organs at risk on the MR images to take advantage of MRI's superior softtissue contrast and transfer the volume contours on the CT images and (c) dose calculations on CT images based on their innate electron density information. A particular reason for image fusion is that MR images are inherently prone to distortions that can alter the local topography targeted by the radiation treatment. Imprecise localization of the target may lead to an overall reduction in treatment accuracy and efficiency. Replacing the current CT + MRI-based RTP procedure with MRI simulation will eliminate the CT scanning sessions (no x-ray exposure) and consequently the image fusion process. Moreover, any incidental errors caused by patient inter-procedure positioning and image fusion would be eliminated. As a consequence, the improved target localization is expected to lead to a higher local tumor control and reduced normal tissue complications.
For MRI simulation it is required that different electron density information (i.e. CT values) be correlated or assigned to MR images and the image distortions be addressed (Chen et al 2004b , Doran et al 2005 , Stanescu et al 2006a , 2006c .
There is no apparent correlation between MR tissue signal intensity and CT numbers as different tissues may exhibit similar signal values, e.g. hard bone and air show as dark regions. To compensate for this limitation, MR images can be prepared for dose calculations by assigning bulk CT values to the voxels corresponding to segmented volumes of interest (VOIs) (Chen et al 2004a , Stanescu et al 2006a . These VOIs represent certain tissue types relevant to dosimetric calculations such as bone, lung and soft tissue.
MR image distortions are caused by scanner-related and patient-induced effects. The scanner-related distortions, inherent to any MRI scanner, are due to magnetic field (B 0 ) inhomogeneities and gradient nonlinearities (Doran et al 2005 , Stanescu et al 2006c . In contrast, the patient-induced artifacts are rooted in susceptibility and chemical shift local variations in the imaged volume (Bakker et al 1992, Chang and Fitzpatrick 1992) . The magnitude of distortions depends on the scanning parameters of the imaging sequence. As RTP requires a spatial image resolution of less than 2 mm, the distortions need to be quantified and rectified before the images are used in the clinical process (Doran et al 2005 , Stanescu et al 2006c .
There is little literature on brain MRI simulation techniques. In the late 1990s, Beavis et al (1998) reported on a method based on assigning a unique electron density value, i.e. water, to the entire head volume, thus neglecting the effects of inhomogeneities. In their study, the authors also assumed that the impact of the 3D image distortions were negligible. The latter assumption was based on image distortion measurements performed with a phantom object. However, this phantom, by its design, prevented an accurate description of the entire 3D distortion field. Namely, the reference points that sampled the volume of interest were insufficient, i.e. limited to 17 points per image slice for a typical head field of view (FOV) of 20 cm diameter. A significantly larger number of reference points are required to precisely evaluate the local variations of the distortion field (Doran et al 2005) . Furthermore, the slice warp distortion, i.e. distortion along the z-axis, was not addressed as the authors investigated the in-plane distortions only. Recent studies (Wang et al 2004 , Stanescu et al 2006c showed that the scanner-related distortion levels, corresponding to a brain scan, can be up to 6 mm depending on the scanner type and imaging sequence. These findings stress the importance of implementing techniques for correcting the MR images before using them in the RTP's contouring and dose calculation processes.
We propose an MRI-based treatment planning method for intracranial lesions that relies on (a) image distortion correction based on an adaptive thresholding and iterative method, (b) autosegmentation of organ structures relevant to dosimetric calculations (i.e. scalp, bone and brain) using an atlas-based non-rigid registration technique, (c) conversion of MR images into CT-like images by assigning bulk electron density values to organ contours and dose calculations performed with a treatment planning system (TPS) and (d) plan ranking based on a tumor control probability (TCP) method for heterogeneous irradiation that is independent of radiobiological parameters. To validate our procedure we compared MRI-only and CT + MRI-based plans.
Methods and materials

Data acquisition-CT and MRI scanning procedures
We used data from four glioblastoma multiforme (GBM) patients. Each individual was subjected to two subsequent scanning sessions, namely CT and 3 T MRI, following a clinical protocol implemented at our institution. Firstly, data were acquired on a Piker PQ 5000 CT simulator (Philips Medical Systems, Cleveland, OH) by means of a 480 mm FOV, matrix 512 × 512 (pixel resolution 0.94 mm), 83 partitions with 2 mm thickness each and slice gap of 2.5 mm. Each patient was positioned on the scanner couch using a head immobilization system consisting of a jig on which custom plastic shells were attached. Donut-shaped fiducial markers filled with a copper sulfate solution (IZI Medical Products, Inc.) were placed on the shells to mark the triangulation laser reference points.
A time interval of about half an hour is required to relocate the patients and to prepare them for the MRI scanning session performed on a 3 T Intera (Philips Medical Systems) unit. To mimic the setup used in the CT room (same system of reference), the subjects were repositioned by using the scanner's lasers, an in-house built flat bed and the same head insert, plastic shells and fiducial markers. The positioning devices were used inside a head coil as its aperture was sufficiently large to house them. The imaging protocol includes (a) a standard scout sequence to select the region containing the target, (b) a 3D T1 turbo field echo (TFE) sequence with contrast enhancement administered intravenously, i.e. 0.2 mmol kg −1 body weight Gd-DTPA, and (c) a 3D T2 turbo spin echo (TSE) sequence. The T1-weighted image sequence was used for contouring the target and the organs at risk (i.e. eyes, eye lenses, optic nerves, optic chiasm, pituitary gland and brain stem). In contrast, the T2-weighted datasets were required for visualization purposes only to better identify the tumor's spread. The 3D T1 TFE sequence is characterized by a TE/TR/α of 4.1/8.8/8
• , 240 × 240 mm 2 FOV, 256 × 256 in-plane matrix (pixel resolution 0.9 mm) and 125 contiguous partitions of 1 mm each. It is assumed that the inter-modality patient positioning can be achieved with an accuracy of 1-2 mm. After the scanning process, the image datasets were recorded and subsequently transferred via a local network to Eclipse TPS (Varian Medical Systems) for virtual treatment planning simulation.
MR image distortion correction
The patient datasets were rectified for the system-related image artifacts by using a phantombased distortion correction method, which was presented elsewhere (Stanescu et al 2006c) . Briefly, it relies on (a) an adaptive image thresholding analysis performed to accurately identify the reference points required for the 3D distortion field mapping, and (b) an iterative process to determine the distortion along the main axes. Using this method the 3D distortion field was determined for the 3D T1-weighted imaging sequence, which was used to scan all the GBM patients. Once the system-related local distortions are mapped, they can be used to correct any subsequent clinical dataset as this type of distortions is not patient-dependent.
The maximum absolute distortion along the x, y and z axes are defined as
where δx i , δy i and δz i are the local distortion values, and N is the total number of reference points used to determine the 3D distortion field. The total maximum absolute distortion is given by
Previous studies (Bhagwandien 1994 , Moerland et al 1995 , Sumanaweera et al 1994 showed that patient-induced distortions were noticeable, i.e. 2-4 mm, only in the sinuses' region at the air-tissue boundaries. In the radiation treatment planning-relevant volumes, e.g. brain, the distortions were found to be insignificant, i.e. within the image pixel size. We compared the contours of various head sub-structures segmented on the MR corrected images (system-related distortions) with their corresponding CT representation. Specifically, following the CT-MR image fusion (see below), the MR contours were overlaid on the CT images and Eclipse's measuring tools were used to quantify the contours shift.
Structures segmentation
The head structures relevant to dosimetric calculations, i.e. brain, bone and scalp, were segmented using a freely available library of image processing tools, i.e. FSL (Analysis Group, FMRIB, Oxford, UK) (Stephen et al 2004) . Specifically, these structures can be automatically extracted by using an atlas-based non-rigid registration technique. The output consists of binary image datasets corresponding to each structure of interest, namely the organs, depicted as white regions on black background. The contours of these structures can be easily obtained (e.g. in Matlab) and converted into RT structure files that are subsequently imported into Eclipse. Alternatively, the binary images can be directly imported into Eclipse and automatically outlined by setting a unique threshold value for the entire dataset (e.g. 'Search Body' contouring tool). The accuracy of the autosegmentation method was inspected visually by overlaying the outlines on the images in Eclipse, and little manual adjustment was required to adjust the contours to match the anatomical structures within 1 mm. The air regions were not segmented as they were not relevant for dosimetric calculations.
The clinical target volume (CTV) and the organs at risk (i.e. eyes, eye lenses, optic nerves, optic chiasm, pituitary gland and brain stem) were contoured by a radiation oncologist on the T 1 -weighted uncorrected datasets by using typical contouring tools available in Eclipse. A 5 mm margin was uniformly added in all directions to the CTV to generate the planning target volume (PTV).
CT + MRI-based RTP
In our institution, the standard RTP procedure for GBM subjects relies on image fusion of CT and MRI (uncorrected for distortion) datasets along with CT-based dose calculations on Eclipse. To register the MRI and CT datasets, we used prominent bony landmarks located around the brain (i.e. local protuberates of the parietal and occipital bones). At least five pairs of identical and non-coplanar bony landmarks were marked on both CT and MR images. As a preliminary step, to assess the accuracy of the registration process we used Eclipse's 'Mean Error Indicator'. This metric is defined by the mean error between the displacements of registration pairs of point identified in the CT and MR images. For all registrations we achieved an error of approximately 1.0-1.5 mm. Furthermore, three-dimensional manual refining was performed to adjust the image registration according to brain tissue and the bone-brain interface. We avoided relying on fiducial markers or any bony landmarks located near the nasal sinuses as they are prone to artifacts due to susceptibility variations at the marker/tissue-air interfaces. The results were visually verified by overlaying the CT and MR images. The tumor and organs at risk volumes were copied onto the CT datasets, which were subsequently used for dose calculations.
For each patient, we generated IMRT plans based on an arrangement of five beams to meet our clinical acceptance criteria; specifically 95% of the PTV has to receive the prescribed dose (D ref 
MRI-based RTP
Firstly, the patient MR images were corrected for distortion. The next step was to generate image binary masks for scalp, bone and brain using the FSL autosegmentation tool. The contours of these structures were recorded in Eclipse as separate volumes. For this study, instead of re-drawing the organs at risk on the corrected MR images it was easier to correct the contours for distortion as follows:
(a) export from Eclipse the RT structure file containing the uncorrected volumes; (b) read in the RT structure file, extract and rectify for distortion the coordinates of all contour points corresponding to each structure; (c) write back in the RT structure file the new coordinates of the contour points and (d) import in Eclipse the new RT structure file and record the corrected organ volumes.
Steps (b) and (c) were performed by using an in-house developed software tool written in Matlab. Besides being more practical to obtain the corrected organs at risk outlines, another important reason for using this method was to avoid intra-modality volume changes. This is important for an accurate evaluation of the MRI-based treatment planning procedure. In practice, for MRI-based RTPs the organs at risk volumes will be segmented directly on the corrected datasets.
Once the images and all contours of interest are available, we need to assign bulk CT values to the voxels enclosed by the scalp, bone and brain volumes, to convert the MR images into CT-like images. For scalp and brain we assigned 0 HU and for bone 1000 HU, respectively. In particular for brain, we performed on the CT datasets a uniformity check of the CT numbers. This was done by placing five regions of interest (ROIs) on each CT image slice containing brain information. The CT numbers were averaged in each ROI and compared for the entire brain volume, i.e. same slice and slice-by-slice. We found that there was no significant variation from the CT numbers corresponding to water (within 2%). Therefore, a bulk value (i.e. 0 HU) was assigned to the MRI brain volumes.
Each MRI-only plan was generated by applying its corresponding CT + MRI-based plan, i.e. by copying the beam arrangements and fluences. The plan transfer is done with regard to the isocenter, which was set to be at the center of mass of the PTV. Before performing dose calculations in Eclipse, each MRI dataset has to be associated with an imaging device, i.e. to assign a conversion table between HU values and relative electron densities.
Comparison and evaluation of CT + MRI-and MRI-based RTPs
To validate our MRI-based treatment planning method we generated and compared several treatment plans as follows.
(a) All MR contours including PTV, organs at risk and dosimetrically relevant structures (i.e.
scalp, bone and brain) were transferred onto the CT images through image fusion. Bulk CT values were assigned to scalp, bone and brain, thus neglecting the intrinsic CT values of the images. For convenience we will name this type of plan CT + MRI (MRI contours dosimetry). This plan was compared to the standard CT + MRI-based plan in order to evaluate the accuracy of CT values assignation method. (b) To investigate the effects of MR image distortions we compared MRI (uncorrected) to MRI (corrected)-only plans. Also, for the same purpose, we compared the CT + MRI plans based on the uncorrected and corrected PTV volumes, respectively. (c) To determine the overall effect of image fusion, MR image distortions, segmentation of head sub-structures and CT values bulk assignation we compared the CT + MRI (uncorrected) to MRI (corrected)-only plans.
To compare the plans we used isodose distributions, dose volume histograms (DVHs) and several PTV dosimetric parameters, i.e. the dose at the isocenter (D iso ), mean target dose (D mean ), D min and D max . The plans were ranked by using a TCP-based technique for heterogeneous irradiation (Stanescu et al 2006a) . This technique does not require previous knowledge of exact parameter values (see the appendix). The corresponding TCP values for the investigated CT + MRI and MRI-only plans were calculated and compared for parameter values of the entire parametric space.
Results and discussion
MR image distortion
The system-related distortions were determined using our distortion correction technique for the 3D T1-weighted sequence, which was used to scan all the patients. Figure 1(a) shows the distortion values along the main axes and the total maximum distortion (see section 2.2), respectively, corresponding to spherical volumes with radii ranging from 20 to 130 mm. The total maximum distortion relevant to a typical brain study, i.e. 10 cm radius, is approximately 4 mm indicating that the MR brain images need to be rectified before being used in the treatment planning process. Figure 1(b) shows an example of a brain image before and after being corrected for distortions. Also, the difference between the two is displayed, which shows the distribution of in-plane distortions, i.e. asymmetric light and dark areas. The residual geometric distortions determined after applying the correction procedure are negligibly small, being within one pixel resolution, i.e. 0.94 × 0.94 mm 2 . We also investigated the magnitude of patient-induced distortions by comparing the contours of several structures delineated on both CT and MR corrected images (e.g. brain, scalp, organs at risk). We found that the local maximum shift between contours was about 1.0-1.5 mm, hence being acceptable for RT planning purposes. 
MR image distortion impact on RTP
The MRI-based procedure suggested by Beavis et al (1998) considered the distortions in the brain as being negligible. However, the authors used a 2D distortion correction technique along with a phantom object that prevented them from accurately determining the 3D distortion field. Considering the particular characteristics of our MR imaging protocol for GBM patients, namely a 3D TFE sequence acquired on a 3 T Intera scanner, MR image distortion correction is required as suggested by figure 1(a) . In a previous study, Wang et al (2004) investigated in detail the distortion fields of several commercially available MRI scanners and found that the magnitude of distortions can be as high as 6 mm for a typical brain study FOV. These findings stress the importance of determining the 3D distortion field, which is unique to each MRI scanner, as a necessary step in the MRI-based treatment planning process. Also, patient images need to be rectified before being used for RTP purposes. This is crucial as local distortions affect both the volume size and the spatial location of the organs. Any error in identifying the target/organs will translate into a reduced accuracy in delivering the treatment and consequently in likely reduction of the probability of tumor control. Table 3 . Percent difference of dosimetric parameters calculated for the PTV uncorrected and PTV corrected volumes on the CT + MRI-based plan. To assess the effect of image distortion on the accuracy of the RTP process we firstly compared the effects of distortions on the PTV. Table 1 shows the PTV volumes corresponding to the corrected and uncorrected MR image datasets. For three out of four patients, by rectifying the images the PTVs became smaller. The maximum percent difference was 1.1% corresponding to patient 3. Table 2 summarizes the maximum absolute distortion corresponding to the PTV, body, bone and brain volume outlines. For all structures of interest the distortion is less than 2 mm. In table 3 the percent difference of dosimetric parameters calculated for the PTV uncorrected and PTV corrected structures are presented for the CT + MRI-based plan. There is practically no difference in D mean and D max values and a maximum change of < 2% in D min values. Table 4 Analyzing the available data, we found that image distortion had a negligible impact on the RT plans' outcome. This is apparently in disagreement with our earlier results, i.e. image distortion is important for brain studies (see figure 1(a) ). However, this can be explained Table 4 . Percent difference of dosimetric parameters calculated for the PTV corresponding to the MRI (uncorrected) and MRI (corrected)-based plans. Table 5 . Percent difference of dosimetric parameters calculated for the CT + MRI and CT + MRI (MRI-contours dosimetry)-based plans. by considering that the clinical protocol at our institution considers the acquisition of 125 contiguous MR image slices only, with a thickness of 1 mm each (see section 2.1). The data are acquired in such a way that only the target area and its close vicinity are imaged and not the entire head as in a standard CT scan (or MRI simulation). Furthermore, the datasets are centered at the isocenter of the MRI scanner where the magnitude of distortion is significantly lower. As a consequence, all MRI datasets will have an extension along z. axis of about ±6.25 cm only. In such a volume, the distortion level is roughly 2 mm, in agreement with data shown in table 2.
Bulk CT values: effect on RTP
Brain studies Oliver 1998, Stanescu et al 2006a) showed that the difference between turning on and off the inhomogeneity correction resulted in a dose difference of about 2-3%. For the MRI-based plans, the inhomogeneities taken into account as the scalp, skull and brain outlines were automatically obtained with the FSL software library tools. Using FSL, the structures' segmentation becomes significantly faster than with the manual/semiautomatic techniques (Stanescu et al 2006a) . Considering that (a) the MR image distortions were negligible and (b) for the image fusion process we used anatomical landmarks that were not affected by subject-induced image artifacts, the registration errors of the CT and MR datasets were minimal, i.e. <1-2 mm. Table 5 shows the comparison between the CT + MRI and CT + MRI (MRI contours dosimetry)-based plans in terms of the percent difference calculated for D iso , D mean , D min , and D max . The difference in maximum and minimum dose delivered to the target is < 1%. Similarly, for all subjects the D iso variation is approximately 1%. D mean values change slightly from one plan to another. There is no clinically relevant difference in the DVHs. Also, by using the RT ranking tool we did not find any significant change between the plans. The dosimetric parameters shown in table 5 suggest that the conversion process of MR images into CT-like images was accurate enough for RTP purposes. (This figure is in colour only in the electronic version) 
CT + MRI (uncorrected) versus MRI (corrected)-only plans
To determine the overall effect of image fusion, MR distortions, segmentation of head substructures and CT values bulk assignation we compared CT + MRI (uncorrected) to MRI (corrected)-only plans. Figure 2 compares the isodose distributions, corresponding to the isocenter slice, between a typical CT + MRI (uncorrected) and MRI (corrected)-only plans (patient number 1). The PTV is depicted as the red-colored area, and the isocenter is shown by the yellow dot. In particular, in figure 2(a) the brain, bone and scalp contours are also displayed. The scalp outline mask coincides with the patient outline. The dose distributions of the two plans are very similar, showing a complete coverage of the PTV by the 95% isodose line. figure 3 . Comparing the two plans by means of the RT ranking tool, we found that the difference in TCPs between them was within 1%. The maximal TCP difference between both plans, in all cases, is not greater than 4%. Figure 4 displays the TCP plan ranking (see the appendix for clarification) of the investigated cases. Regarding the organs at risk, there was no clinical difference between the two plans. Due to mainly negligible MR distortion artifacts and the use of a reliable image fusion technique the differences between these plans were found to be clinically insignificant. However, significant errors can be introduced by means of (a) image registration that relies on fiducial markers and bony landmarks located near air-tissue interfaces and (b) RTP based on full head uncorrected MR datasets that are prone to significant distortion effects. As a result, the RT plan comparison might show clinically relevant discrepancies suggesting that Depending on the RT modality used in conjunction with the MRI-based treatment planning procedure, the RT verification process can be performed based on the registration process between (a) digitally reconstructed radiographs from MR images (MR-DRRs) and CT/MVCT images by segmenting the MR datasets into dosimetric relevant VOIs (e.g. bone and soft-tissue) and assigning to them bulk electron density information (Chen et al 2007 , Ramsey et al 1999 , Yin et al 1998 . In our case, the skull can be automatically segmented using FSL (see section 2.3) and electron density information can be assigned in Eclipse in order to generate MR-DRRs and 
Conclusions
We investigated an MRI-based radiation treatment planning method for intracranial lesions, which is based on the following steps: (a) correction of the MRI datasets for 3D image distortions, (b) automatic segmentation of head sub-structures (i.e. scalp, bone and brain) relevant for dosimetric calculations, (c) preparation of the MRI datasets for dose calculations by assigning bulk CT values to head sub-structures and performing MRI-based dose calculations in Eclipse and (d) evaluation of the treatment plans by using isodose distributions, several dosimetric parameters, DVHs and an RT ranking tool. The results of this study show that the proposed MRI-based method performed similarly to the standard clinical technique based on CT and MRI and is suitable for the radiotherapy of brain cancer.
Appendix. Evaluation of RTPs using a TCP-based tool
Let us have two RT plans with corresponding differential tumor dose volume histograms DVH where ρ is the cell density, {V i , D i } represents the differential DVH using the absolute (not the relative) tumor sub-volumes V i irradiated to doses D i and SF 2 is the tumor cell surviving fraction at a dose equal to 2 Gy and for the corresponding fractionation regime. Essentially a plan resulting in higher TCP values, for any value of the parameter SF 2 , should be considered superior to the plan resulting in lower TCP values. Thus, if we plot the TCP curves as functions of the parameter SF 2 -TCP(SF 2 |DVH 1 ) and TCP(SF 2 |DVH 2 ), the right curve will correspond to the better RT plan, producing higher TCPs for any value of SF 2 .
The following measures could be introduced for the estimation of the closeness in TCP terms of two RT plans: The first measure C is defined in the interval [0, 1] and gives the area between the TCP curves corresponding to the two plans under investigation. The second measure represents the maximal expected TCP difference between the two plans. The sign of these two measures naturally indicates the better plan.
